Two 5-substituted tetrazoles, 5-(2-thienyl)-1,2,3,4-tetrazole (2-THTT) and 5-(4-pyridyl)-1,2,3,4-tetrazole (4-PYTT), as copper corrosion inhibitors in aerated 0. 
Introduction
As is known to all, using inhibitors is an important method of protecting materials from corrosion. Many heterocyclic compounds containing sulfur, phosphorus, nitrogen, and oxygen atoms are efficient inhibitors of corrosion for copper in acid media [1] [2] [3] [4] [5] [6] [7] . And there has been much interest in the development of tetrazole compounds as corrosion inhibitors. The inhibition efficiencies of 1,5-disubstitued 1,2,3,4-tetrazoles, in which the substituted groups include 1-phenyl-5-mercapto [8] [9] [10] [11] [12] [13] , 5-amino [8, 10, 13 ], 1-phenyl [8, 10, 13 ], 1-methyl-5-mercapto [8] , 5-(3-Aminophenyl) [14] , have been studied for copper in acidic media.
Recently, investigations of the relation between the efficiency and structural properties of inhibitor molecules have been taken by many experimental techniques and theoretical methods. Quantum chemistry calculations have been widely used to study the reaction mechanisms and to interpret the experimental results as well as to solve chemical ambiguities [15, 16] . This is a powerful approach to investigate the mechanisms of reaction in the molecule, and its structure and electronic parameters can be obtained by quantum chemistry calculations [17, 18] . Some quantum mechanical studies have successfully interpreted the relation between the corrosion efficiency and structural properties of inhibitor molecules [19] [20] [21] [22] [23] .
The present work reports the inhibition of copper corrosion in aerated 0.5 M H 2 SO 4 solution by 5-(2-thienyl)-1,2,3,4-tetrazole (2-THTT) and 5-(4-pyridyl)-1,2,3,4-tetrazole (4-PYTT) (Figure 1) . Potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and quantum chemical calculation were used. A perusal of literature reveals that 2-THTT and 4-PYTT have not been reported as corrosion inhibitor. Tetrazoles studied are expected to be good inhibitor for copper corrosion in H 2 SO 4 solution because they are heterocyclic compound containing the tetrazole ring, in addition to the thienyl and pyridyl group.
Experimental Method

Electrochemical Measurements
The aggressive solution were prepared by dilution of concentrated H 2 SO 4 (reagent-grade) with ultrapure water. (Human Corporation) Purified Water Systems. 2-THTT and 4-PYTT were synthesized by the method reported in the literature referenced [24] . A traditional three-electrode cell was used for electrochemical measurements. A platinum sheet electrode was used for the auxiliary electrode, and the reference electrode was a saturated calomel electrode (SCE) with a Luggin capillary. All potentials were measured with respect to the SCE. The working electrode was the "Gaoss Union" (a company) customized commercial products. And it, in the form of a rod cut from pure copper (99.99% purity, Φ = 6 mm) sheet, had a geometric area of 0.2827 cm 2 . Prior to each experiment, the electrode was ground with various grades of grit emery paper (up to 2000 grit), cleaned with absolute ethanol, thoroughly washed with ultrapure water and finally dried in dry air. All experiments were repeated three times at the desired temperature ±1˚C.
Electrochemical experiments were carried out using a CHI 660C electrochemical workstation. Potentiodynamic polarization curves were recorded at a sweep rate of 1 mV/s. Electrochemical impedance spectroscopy (EIS) measurement were carried out at open-circuit potential (OCP). The ac frequency range extends from 100 kHz to 10 mHz with a 5 mV peak-to-peak sine wave as the excitation signal. Electrochemical data were obtained after 1 h of immersion with the working electrode at the rest potential, and all tests have been performed in non-deaerated solution under unstirred conditions. Electrochemical data were analyzed and fitted with ZSimpWin ver. 3.51.
Computation of Quantum Chemical Parameters
Quantum chemistry calculations were carried out by semiempirical PM3 method from the program package MO-PAC2007. A full optimization of all geometrical variables without any symmetry constraint was performed at the Restricted-Hartree-Fock (RHF) level. Molecular structures were optimized to the gradient <0.01 in the vacuum phase. As can been seen from Figure 2 , both anodic and cathodic reactions of corrosion process were significantly inhibited while the tetrazole derivatives were added to the acid solution. The addition of the compounds studied decreased the current densities in a large domain anodic and cathodic of potential. In literature, it has been reported that [26, 27] if the displacement in E corr 1) is >85 mV with respect to E corr , the inhibitor can be seen as a cathodic or anodic type and 2) if the displacement in E corr is <85 mV, the inhibitor can be seen as mixed type. In our study, the maximum displacement in E corr value is 17 mV towards anodic region, which indicates that all tetrazoles studied are mixed-type inhibitors [28] . In naturally aerated acidic medium, copper corrosion involves a simultaneous anodic dissolution and cathodic oxygen reduction reaction (ORR) process [29, 30] . The increase in inhibition efficiency with increasing inhibitor concentration may be attributed to the formation of a barrier film, which prevents the attack of acid on the metal surface [31] . From Figure 2 , it also can be seen that the anodic curves in Figure 2 It can be observed from Table 1 that the Icorr values decrease considerably in the presence of 2-THTT and 4-PYTT and the Icorr values have a trend to decrease with the increasing inhibitor concentration. Correspondingly, inhibition efficiencies (E%) values increase with the increasing inhibitor concentration and then reach a maximum value at 0.25 mM in the both cases of inhibittors. Additionally, it is also evident that 2-THTT presents slightly better performance than 4-PYTT, which can be correlated to the difference in the heteroatom of the substituted heterocyclic between the two molecules.
Results and Discussion
Polarization Curves
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Effect of Temperature
Some information about adsorption mechanism of the inhibitor can be obtained from the activation energy values, and the activation energy of corrosion process can be obtained by investigating the influence of temperature on corrosion inhibition. Effect of temperature was studied by polarization tests in the absence and presence of 0.1 mM of 2-THTT and 4-PYTT, as shown in Figure 3 .
Corresponding electrochemical data are given in Table 2 .
As seen from Figure 3 and Table 2 , the corrosion current density increases with the increasing temperature, both in uninhibited and inhibited solutions. In the solution containing 2-THTT, slight changes in values of inhibition efficiencies are observed in the range of temperature studied. Thus the compound can be regarded as the temperature-independent inhibitors. However, from Table 2 , it is clear that the efficiency of 4-PYTT decreases with the increasing temperature. Therefore, 4-PYTT should be assigned as temperature-dependent inhibitor.
In order to calculate the activation energy of the corrosion process, Arrhenius equation was used [32] :
where k is the pre-exponential factor, E a is the apparent for Copper in Aerated 0.5 M H 2 SO 4 Solution activation energy of the corrosion process, R is the gas constant and T is the absolute temperature. Figure 4 shows Arrhenius plots of the logarithm of the current density vs 1/T for copper in the corrosive medium with and without addition of 0.1 mM of 2-THTT and 4-PYTT. Straight lines are obtained with a slope of (−E a /R). Activation parameters obtained from this graph are given in Table 2 .
It is well known that unchanged or lower values of E a in inhibited systems compared to the blank indicate the chemisorption mechanism, while higher values of E a suggest the physical adsorption mechanism [33] [34] [35] [36] [37] . From Table 2 , it is observed that the values of E a obtained in presence of 2-THTT and 4-PYTT increase significantly compared to the values of E a in inhibitor-free solution. This indicates a physisorption mechanism of the two 5-substituted tetrazoles on copper surface that occurs in the first stage [38] [39] [40] . The increase in activation energy can be attributed to an appreciable decrease in the adsorption of the inhibitor on the copper surface with the increase in temperature [39, [41] [42] [43] .
Electrochemical Impedance Spectroscope (EIS)
The corrosion of copper in aerated 0. EIS at 30˚C after 1 h of immersion. Nyquist plots of copper in the absence and presence of the tetrazole compounds are presented in Figure 5 . Obviously, the presence of the tetrazoles leads to changes of the impedance diagrams both in shape and size. A depressed high-frequency capacitive loop, followed by an obvious lowfrequency diffusion behavior which indicates the diffusion of O 2 , is observed in Figure 5 in the blank solution; otherwise, the depressed capacitive loop seems to be coupled with low-frequency diffusion behavior in Figure  5 . By comparing the Nyquist spectra obtained in the presence or absence of the tetrazoles, it is found that the Warburg impedance disappeared in the solution containing 2-THTT. However, the Warburg impedance still existed in the solution containing 4-PYTT. The cathodic reaction that occurs on the copper surface in 0.5 M H 2 SO 4 is the oxygen reduction, since Cu is nobler than H + in the electromotive series, a cathodic reaction other than the displacement of H + can account for metal dissolution. In addition, the appearance of the Waburg impedance is due to the diffusion of oxygen followed by its reduction reaction in aerated 0.5 M H 2 SO 4 . This is readily available in terms of O 2 reduction from solution [44] ,
While, the anodic reaction occurs through the dissolution of copper on two steps as follows [45] ,
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From Figure 5 , it may be indicated that the corrosion of the copper in the presence of 2-THTT is mainly con- trolled by a charge transfer process [46, 47] . The presence of 2-THTT inhibits significantly the diffusion of O 2 from bulk solution to the interface of copper/solution. In addition, from the Nyquist spectra it can be concluded that the corrosion of the copper in the blank solution and in the solution containing 4-PYTT are mixed control processes by activation and diffusion. And the addition of 4-PYTT don't effectively prevent the diffusion of O 2 from bulk solution to the interface of copper/solution. This may be one interpretation that 2-THTT has a higher inhibition efficiency than 4-PYTT.
The impedance spectrum displays a high frequency capacitive loop and the Warburg impedance in the low frequency can be analyzed with the equivalent circuit in Figure 6 (a) [48] , in which R t represents the charge transfer resistance, W the Warburg impedance and R s the solution resistance. A constant phase element (CPE) is substituted for the capacitive element to give a more accurate fit [49] , as most capacitive loops are depressed semi-circles rather than regular semi-circles. The imped-the charge transfer resistance as follows: where and R t are the charge transfer resistance values without and with inhibitor, respectively. The same trend about inhibition efficiencies was obtained from the two methods, Polarization curves and EIS results. The different values of inhibition efficiency were obtained from two methods and it may be attributed to the different surface status of the electrode in two measurements [42] . EIS measurements were performed at the rest potential, while in polarization measurements the electrode potential was polarized to high overpotential, non-uniform current distributions, solution conductivity, counter and reference electrode placement, etc., all this will lead to the difference between the electrode area actually undergoing polarization and the total area [51] . 0 t R ance spectra displaying one capacitive loop may be analyzed with the electrical circuit in Figure 6(b) [48] . The physical meaning of R s , R t and CPE is the same with what they express in Figure 6(a) .
The CPE is a special element whose impedance value is a function of the angular frequency, ω, and whose phase is independent of the frequency. The impedance of a constant phase element is described by the expression:
where Y 0 is a proportional factor, ω the angular frequency and n the meaning of a phase shift. For n = 0, CPE represents a resistance, for n = 1 a capacitance, for n = 0.5 a Warburg element and for n = −1 an inductance. According to C.H. Hsu, F and Mansfeld [50] , the values of the double-layer capacitance (C dl ) can be obtained from the equation:
As it can be seen from Table 3 , the C dl tends to decrease with the increase of the concentration. R t tends to increase with the increase of the concentration. Compared with 4-PYTT, the more pronounced effect and higher charge transfer resistance have been found in the case of 2-THTT. This phenomenon may indicate that, for 5-substituted tetrazoles compounds, the inhibition ability depends on the position of the heteroatom and the types of the heterocycle on the substituent.
where m  is the angular frequency at which the imaginary part of the impedance has a maximum. The decrease in the C dl , which can result from the decrease in local dielectric constant and/or the increase in the thickness of the electrical double layer, suggests that the tetrazoles molecules take the place of water molecules, and then function by adsorption at the metal/soluCharge transfer resistance values (R t ) and double layer capacitance values (C dl ) were obtained and shown in Table 3. The inhibition efficiency (E%) was calculated by Table 3 . Parameters of fitted the EIS for copper in 0.5 M H 2 SO 4 containing different concentrations of inhibitors at 30˚C. 
Adsorption Isotherms
Basic information on the interaction between the inhibittor and the metal surface can be provided by the adsorption isotherm, which depends on the degree of electrode surface coverage (θ). The EIS data were used to evaluate the surface coverage values as follows: where K is the equilibrium constant of the adsorption process. The free energy of adsorption can be calculated from the equation:
As it can be seen from Combined with the analysis to polarization curves, it may be concluded that the adsorption of 2-THTT and 4-PYTT is a combination of physisorption and chemisorption.
Quantum Chemical Calculation
In order to study the effect of molecular structure on the inhibition efficiency, quantum chemical calculations were performed to use semi-empirical PM3 method. The optimized geometry of molecules is shown in Figure 8 . The computed quantum chemical properties such as energy of highest occupied molecular orbital (E HOMO ), energy of lowest unoccupied molecular orbital (E LUMO ), the energy band gap ( E  ) and dipole moment (μ) are summarized in the Table 5 .
E HOMO often indicates the electron donating ability of the molecule and the inhibition efficiency increases with the increasing E HOMO values. High E HOMO values indicate that the molecule has a tendency to donate electrons to appropriate acceptor molecules with low energy empty molecular orbitals. The increasing values of the E HOMO facilitate adsorption by influencing on the transport process through the adsorbed layer [54] . E LUMO indicates the ability of the molecules to accept electrons. The lower value of E LUMO, the more probable the molecule accepts electrons [7] . The energy gap between LUMO and HOMO ( LUMO HOMO ) is a parameter that the smaller value causes higher inhibition efficiencies of the molecule [7, 55] . For the dipole moment (μ), highervalues will favorite enhancement of corrosion inhibition [52] . It is reported that excellent corrosion inhibitors are usually those organic compounds which not only offer electrons to the unoccupied d orbital of the metal, but also accept free electrons from the metal into anti-bonding orbital to form a feedback bond [56, 57] .
It is clear from Figure 8 that both of the two tetrazoles studied are planar structures. The planar structure can provide a larger coverage area and so it can contribute to the adsorption of tetrazole on copper surface.
It is clear from Table 5 that 2-THTT has the higher values of E HOMO , μ and the lower values of E LUMO , E  than 4-PYTT. These Quantum chemical parameters indicate that 2-THTT has higher inhibition efficiency than 4-PYTT. The result is consistent with the discussion in Subsection 3.1 and 3.3. The inhibition efficiency is associated with the changes of the E HOMO and E LUMO , which suggests that 2-THTT is perhaps the better acceptor of the electron as well as the better donor of the electron than 4-PYTT. Due to the stronger electron-withdrawing effect of thienyl than pyridyl, the dipole moments of 2-THTT is higher than that of 4-PYTT. And because of that, a correlation between the dipole moments of the molecules and inhibition efficiencies is observed. The energy gap between LUMO and HOMO ( ) is alsofound to correlate well with inhibition efficiencies of inhibitors. Thus we can conclude that energy of highest occupied molecular orbital (E HOMO ), energy of lowest unoccupied molecular orbital (E LUMO ), the energy band gap ( ) and dipole moment (μ) are found to correlate well with experimental inhibition efficiencies of inhibittors.
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Conclusions
The following conclusions can be drawn from this study. 1) Both of the two 5-substituted tetrazoles show efficient inhibition properties for the corrosion of copper in 0.5 aerated M H 2 SO 4 solution, but 2-THTT shows better performance. The inhibition efficiency increases with the increasing concentration of the inhibitors and inhibition efficiency of 2-THTT reaches 93.1% at 0.25 mM.
2) Polarization curves measurements show that both the two 5-substituted tetrazoles are mixed-type inhibitors.
3) Results of EIS suggest that the corrosion of the copper in the presence of 2-THTT is mainly controlled by a charge transfer process. The corrosion of the copper in the blank solution and in the solution containing 4-PYTT is a mixed control process by activation and diffusion. In addition, the appearance of the Waburg impedance is due to the diffusion of oxygen followed by its reduction reaction.
4) The adsorption of 5-substituted tetrazoles on the copper/solution interface obeys the Langmuir adsorption isotherm model. The negative ads values indicate that the adsorption of 5-substituted tetrazoles on the copper surface in aerated 0.5 M H 2 SO 4 solution is spontaneous.
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The quantum chemical calculations show that energy of highest occupied molecular orbital (E HOMO ), energy of lowest unoccupied molecular orbital (E LUMO ), the energy band gap ( E  ) and dipole moment (μ) are found to correlate well with experimental inhibition efficiencies of inhibitors.
